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ABSTRACT 
This investigation was conducted to study the vapor-phase 
oxidation of o-xylene to phthalic anhydride in a fluidized bed 
reactor. Parameters investigated during the study were tempera-
ture, molar ratio of air to o-xylene vapor, and space velocity. 
The catalyst used was vanadium pentoxide supported on a silica 
base and diluted with potassium sulfate. The studies were con-
ducted on a laboratory scale. 
The oxidation products obtained were phthalic anhydride, 
maleic anhydride, o-toluic aldehyde, carbon dioxide and water. 
The first three were determined quantitatively and carbon dioxide 
and water were detected qualitatively. 
Various volumes of catalyst 20, 30, 40, and 50 ml were 
used throughout the course of this investigation. It was found, 
when temperature and molar air I xylene ratio were kept constant, 
that the yield per cent of phthalic anhydride increased with an 
increase in catalyst volume until 3 0 ml was reached. However, 
yields obtained at larger catalyst volumes were less than at 30 ml. 
Four different temperatures (4 70, 490, 520, and 535 °C) 
were used to study their effect on th~ yield per cent of phthalic 
anhydride in the case of 20 ml of catalyst. It was observed, at 
the same molar air /xylene ratio, that the yield per cent increased 
with increasing temperature until 520 °C had been reached. The 
same result was noted with 30 ml of catalyst except that yield 
decreased above 490 °C. 
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A wide range of molar air /xylene ratios from 57 to 734 was 
used to investigate the effect of this ratio upon the yield per cent 
of phthalic anhydride. A maximum yield of phthalic anhydride 
was obtained at an air/xylene ratio of approximately 300 when 
using 20 ml of catalyst. This was true for all catalyst tempera-
tures investigated. When the catalyst volume was increased to 
3 0 ml the point of maximum yield shifted to an air I xylene ratio 
of approximately 5 00. The per cent yield using 3 0 ml of catalyst 
was approximately twice that obtained with 20 ml of catalyst at 
the various temperatures used. 
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Phthalic anhydride is an industrially important raw material 
for the production of anthraquinone used in the manufacture of 
many vat dyes and in alizarin and alizarin derivatives. It is used 
directly for the fluorescein, eosine, and rhodamine dyes. Several 
esters are made from phthalic anhydride and are largely used in 
th~\acquer industry as plasticizers. It is also used to manufacture 
alkyd resins, the glyptal and rezyl resins, dioctyl phthalate and 
the poly-vinyl resins. 
Phthalic anhydride, first discovered by Laurent (18) in 1863, 
was originally prepared by the oxidation of naphthalene with chromic 
acid. The early methods of manufacture of phthalic anhydride 
involved liquid phase processes in which expensive nitric and chromic 
acids were used as the oxidizing agents ( 19 ). The growing demand 
for phthalic anhydride as an intermediate for dye manufacture in 
the latter part of the nineteenth century made it imperative that 
cheaper means for its production be obtained. Consequently, a 
method of oxidizing naphthalene by sulfuric acid in the presence 
of mercury salts to form phthalic anhydride was developed (41 ). 
The discovery of the effectiveness of the oxides of the metals 
of the fifth and sixth groups of the periodic table, especially of 
vanadium and molybdenum oxides {10), in the vapor phase oxidation 
2 
o£ naphthalene by air led to the present productior~. on a large com-
mercial scale, of phthalic anhydride in either fixed or fluidized 
bed reactors. 
The ever-increasing demand for phthalic anhydride has 
stimulated search for alternative raw materials. Ortho-xylene, 
which is available in abundant quantities from petroleum refineries, 
appears to be the most suitable. Phthalic anhydride may be pro-
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are also obtained by .the following reactions: 














+ 1090 Kcal 
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As a raw material for the production of phthalic anhydride, 
o -xylene has several advantages ( 1 ). The theoretical amount of 
air required for oxidizing o-xylene is only 2/3 of that required 
for the oxidation of naphthalene; the heat given off during the 
reaction is 121 Kcal less than that of naphthalene; the product 
is of higher purity; theoretical yield per cent is higher than that 
of naphthalene. Furthermore, since o-xylene is a liquid at 
ordinary temperature, its use permits a simpler feed system. 
In 1945 the Oronite Chemical Co. , Richmond, California 
became the first commercial- scale producer of phthalic anhydride 
from o-xylene by a fixed bed technique in the world. The plant 
had a design capacity of 3, 500 to 4, 000 tons annually or close 
to five per cent of the total domestic phthalic anhydride capacity 
of about 86,500 tons in 1945 (4). In 1953, about ten per cent of 
the total phthalic anhydride made in this country was produced 
by the direct oxidation of o-xylene in fixed bed reactors (28). 
Ten years later, 1963, four chemical plants had a total fixed 
bed operating capacity of 104 million pounds of phthalic anhydride 
per year from o-xylene, This was about seventeen per cent of 
the total operating capacity for producing phthalic anhydride from 
both naphthalene and o-xylene. The four chemical plants using 
o-xylene as a raw material were Allied, El Segundo, California; 
Heyden-Newport, Fords, New Jersey; Oronite, Perth Amboy, 
4 
N. J.; and Stepan, Millsdale, Illinois (29 ). 
The commercial production of phthalic anhydride started 
in 1917, one year after the development of the process of vapor-
phase oxidation of naphthalene. The production increased steadily 
from 138,857 pounds in 1917 to 123,301,944 pounds in 1945 (4) 
and to 465 million pounds in 1963 (29 ). It is expected to reach 
55 0 million pounds in 1965 (29 ). Sales value of phthalic anhydride, 
on the contrary, dropped steadily: $4. 23 per pound in 1917, 
$0. 125 per pound in 1945 (4), and 8 1/2~ to 9~ per pound in the 
spring of 1963 (29). Presently, phthalic anhydride is selling 
for 9 1 I 2 ~ per pound (April 1965 ). A further slump in price of 
phthalic anhydride may be expected if phthalic anhydride were to 
be produced exclusively from a-xylene. 
Table I (29) compares the costs of phthalic anhydride 
produced from naphthalene in both fixed and fluidized beds with 
that produced from a-xylene in a fixed bed reactor. The advan-
tage of using a-xylene is apparent. 
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TABLE I 
Cost Comparison: Three Commercial Ways to Make Phthalic Anhydride 



































a 5. 5 ~ delivered, 95% conversion 
b 3. 5 ~ delivered, 80% conversion 













As a large heat of reaction can not be dissipated quickly 
in a fixed bed catalyst, it is difficult to control the operating 
temperature and the temperature distribution in the reactor. A 
fluidized bed, on the other hand, has high thermal conductivity, 
five to six times greater than that of a fixed bed and insures a. 
uniform temperature profile ( 1 ). 
The distribution of reaction products is different in fluid 
and fixed bed reactors (1 ). Maleic anhydride was produced in 
fixed bed reactors using either fused or unfused catalyst, while 
it was formed only with unfused catalysts in fluidized bed opera-
tions. Ortho-toluic aldehyde, on the other hand, was formed in 
a fluidized bed reactor, while in a fixed bed it was not obtained. 
This characteristic product distribution permits a purer product 
of phthalic anhydride to be obtained from a fluidized bed reactor 
since the aldehyde is a liquid and easily separable from the 
phthalic anhydride. 
In light of better control of the conditions and course of 
reaction, high yields and high purity of phthalic anhydride and 
absence of explosion, hazard, the use of a fluidized bed catalyst 
would seem to have greater promise than the fixed bed catalyst. 
In spite of this, as far as is known, fluidized bed reactors are 
not used commercially with o-xylene. 
6 
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The aim of this work was to construct a bench scale apparatus 
to study the vapor-phase oxidation of a-xylene in a fluidized bed 
and to study the influence of temperature, catalyst volume, air /xylene 
ratio, and space velocity on the yield of phthalic anhydride. The 
catalyst used in this investigation was vanadium pentoxide supported 
on silica gel and promoted by potassium sulfate. 
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II. LITERATURE REVIEW 
The discoverer of phthalic anhydride was Laurent who pre-
pared it by oxidizing naphthalene with chromic acid in 1836 (18, 9 ). 
The oxidation of other materials, such as methyl naphthalene (21 ), 
phenanthrene (8 ), tetrahydronaphtha1ene (23 ), also produce 
phthalic anhydride. 
The vapor-phase oxidation of naphthalene to phthalic anhydride 
was developed as early as in 1916 by Gibbs and Conover ( 11 }, 
using vanadium pentoxide as the catalyst. 
Laboratory Oxidation of Ortho-xylene in the Fixed Bed Reactor. 
The oxidation of aromatic hydrocarbons containing an 
aromatic nucleus and one or more aliphatic side chains, o-xylene, 
for instance, may be readily effected without any very appreciable 
rupture of the ring benzene itself (20). This introduces the concept 
of producing phthalic anhydride from the oxidation of o-xylene. 
The oxidation of o-xylene permits a simpler feed system 
than that of the oxidation of naphthalene, because of the liquid 
state of o-xylene. 
Theoretically, three molecules of oxygen are needed to 
oxidize each molecule of o-xylene to phthalic anhydride, which 
is only 2/3 of that required for the oxidation of naphthalene. In 
actual operation, about ten times the theoretical requirement of 
air is used to maintain a lean mixture to avoid explosion. The 
lower explosive limit of o-xylene in air is approximately one 
mole per cent. 
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The vapor-phase oxidation of o-xylene is complex. As 
Wright (43) noted, the oxidation of o-xylene involves cracking 
and alkylation, as well as the simultaneous oxidation of the 
nucleus and of the methyl group. He concluded that ring splitting 
and the subsequent rapid oxidation of the fission products can 
occur before the side-chains have been oxidized and that it takes 
place via the formation of a transient transannular oxide. He 
detected 38 different oxidation products. 
The products observed by Gibbs and Conover (12) by passing 
a mixture of xylene vapor and air through a fixed bed reactor 
containing vanadium pentoxide catalyst at 350 to 530 °C were 
methylbenzaldehyde, phthalaldehyde, benzene, dicarboxylic acids, 
and some toluic acid, benzoic acid and benzaldehyde. Craver (5 ), 
on the other hand, found 9. 6 parts of phthalic anhydride, 6. 0 
parts of carbon dioxide and water, 1. 2 parts of maleic acid, and 
1. 0 part of o-toluic aldehyde per 100 parts of a-xylene passed 
over vanadium pentoxide. He also found that if uranium oxide or 
molybdenum oxide were used as the catalyst at 600 °C a mixture 
of 7. 3 grams of air and 1. 0 gram of xylene yielded 50 per cent 
o-toluic aldehyde without any acid production or complete com-
bustion. The contact time was 0. 39 of a second. 
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Buylla and Pertierra (3) prepared phthalic anhydride by 
air oxidation of o-xylene vapor in a fixed bed reactor of vanadium 
pentoxide at 450 °C. 
Maxted (23) obtained a maximum yield of 59 per cent of 
phthalic anhydride from the oxidation of o-xylene, He used 10 ml 
of tin vanadate as catalyst, a temperature of 290 °C, and a space 
velocity of primary and secondary air of 200 and 600 liters per 
hour per liter of catalyst, respectively. 
In their studies of the effect of the chemical nature of the 
catalyst on products of the oxidation of o-xylene, Parks and Allard 
(27) concluded that tin vanadate, vanadium pentoxide, and uranium 
molybdovanadate are capable of producing either toluic aldehyde 
or phthalic anhydride; catalysts of zirconium oxide, molybdic 
oxide, and tungstic oxide are capable of producing only toluic 
aldehyde. 
The physical structure of the catalyst is also one of the most 
pronounced factors governing the process of the oxidation of 
a-xylene (27, Z). Parks and Allard (Z7) used catalysts either in 
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granular form or on a support of porous aluminum, activated 
alumina, asbestor fiber, silica gel, or Alfrax to study the effect 
of physical structure. They found that fused vanadium pentoxide 
used in a granular form gave a considerably lower yield of 
phthalic anhydride than did vanadium pentoxide on Alfrax. 
Bhattacharyya and Gulati (2), however, concluded that fused 
vanadium pentoxide was the most active among the twenty fixed 
catalysts they used in the oxidation of a-xylene. The largest 
phthalic anhydride yield per cent obtained with fused V 2o 5 
catalyst in a fixed bed reactor was 61. 7 at 490 °C, a molar 
air/xylene ratio of 275 and a space velocity of 5740 1/hr/1. 
Demaria, Longfield and Butler (7.) listed the following disad-
vantages of fixed bed reactors for the oxidation of a-xylene: 
1. Tube diameter has to be kept small in order to avoid 
excessive radial temperature gradients. 
2. The charging and discharging of catalyst is exacting 
and tedious work. 
3. Feed concentration of o-xylene in air must normally 
be maintained below 1 mole per cent to avoid an excessive exotherm 
leading to a low yi~ld of phthalic anhydride and excessively rapid 
catalyst deterioration. 
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4. Efficient heat recovery from fixed bed reactors is 
difficult and frequently not achieved. 
Laboratory Oxidation of o-xylene in the Fluidized Bed Reactor. 
Bhattacharyya and Krishnamurthy ( 1) and Demaria and his 
co-workers (1) have pointed out the following advantages of 
fluidized beds for air oxidation of o-xylene. 
1. The catalyst charging and discharging problem is 
solved. 
2. Temperature profile within the bed is very uniform. 
3. Thermal conductivity is high, generally, 5 to 6 times 
greater than that of a fixed bed catalyst. This permits efficient 
recovery of the heat of reaction. 
4. Higher output per unit of investment is obtained. 
5. Higher product purity is obtained. 
The reasons for these advantages of fluidized bed reactors 
over fixed bed reactors are explained by Bhattacharyya and 
\ ,' 
Krishnamurthy )l~.\, They include the following: 
\ 
1. Greater available surface of the solid. 
z. Circulation of particles within the entire be.d·. 
3. High operaUQ~,.air velocity. 
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It has been found possible to operate the fluidized bed process 
at lower temperature than a fixed bed unit, thus avoiding side re-
actions and by-product production <n. 
In the study of particle motion of catalyst in a fluidized bed 
reactor Demaria, Longfield and Butler {)ofound that gases flowing 
'• 
through a fluidized bed do not proceed in a "plug flow" from the 
inlet to the outlet, but rather undergo varying degrees of back 
mixing and/ or by-passing. 
Bhattacharyya and Krishnamurthy {I) found that the oxidation 
of o-xylene in the fluidized bed reactor resulted in higher conver-
sion to phthalic anhydride, greater space/time yield and a purer 
product than in a fixed bed reactor. Moreover, it is easier to 
separate phthalic anhydride from the liquid by-product, o-toluic 
aldehyde, rather than from maleic anhydride {solid} which is formed 
in the fixed bed reactor. 
The same au,tJ:lors (1} reported that in the fixed bed reactor 
the space time yield of phthalic anhydride could be doubled with 
the use of pure oxygen instead of air for the oxidation of o-xylene, 
but in the fluidized bed reactor, even with air, a still higher space 
time yield was obtained with much higher conversion to phthalic 
anhydride. 
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Parts of the experimental results obtained by Bhattacharyya 
and Krishnamurthy (2) in fluidized bed catalysts and by 
Bhattacharyya and Gulati (I) in fixed bed are summarized in Table 
II. These results were evidence that the distribution of the oxidation 
products was strikingly different in these two beds, and in many 
ways the fluidized bed catalyst demonstrates its promising role. 
The fluidized bed experiments using the V zOs fused catalysts 
showed a greater yield per cent of phthalic anhydride than when 
these same catalysts were used in a fixed bed reactor. Also no 
maleic anhydride was produced in the fluidized experiments using 
fused catalyst but was produced to a considerable extent in the fixed 
bed experiments. However, some o-toluic aldehyde was produced 
in the fluidized bed reactors but not in the fixed bed reactors. 
Bhattacharyya and Krishnamurthy (1) observed that fused 
vanadium pentoxide was the most active among the five fluidized 
catalysts they used in the oxidation of o-xylene. They reported 
that a 67. 8 yield per cent of phthalic anhydride was obtained with 
17. 3 ml of this catalyst at 490 °C, a molar air /xylene ratio of 
95. 1 and a space velocity of 10030 1/hr/1, as shown in Table II. 
TABLE II 
Comparative Efficiencies of Vanadium Pentoxide Catalyst for 













Fluidized 49. 3 
Fixed 20.0 
Y_20 5 - Kieselguhr Fluidized 21. 2 
(V 205 :Kieselguhr 











Air/ Catalyst Yield Per cent 
Xylene Temperature Phthalic Maleic 0-Toluic 
Ratio oc Anhydride Anhydride Aldehyde 
95. 1 490 67.8 
-
3.6 
275.0 490 61. 7 9.6 
635.0 470 61.2 3. 1 
383.0 510 51. 8 9.3 
430.0 380 40. I 11.9 7.3 




A lot of work has been done to try to raise yield per cent of 
phthalic anhydride in fluidized bed reactors. Efforts have been 
focused on the effect of the chemical nature of catalyst, but 
vanadium pentoxide was used in each phase of this work. 
Ortho-xylene (25) was pas sed through a fluidized bed of 
(P20s) X (V 205) y(Li3P04) z• where X is between o. 2 and 2, y 
is between 0. 5 and I. 1, and z is between 0. 002 and 0. 2 mole, 
at 450 to 600 °C to give phthalic anhydride. A gaseous mixture 
containing 23. 7 grams of o-xylene per hour and 500 liters of air 
per hour (0°C and 760 mm Hg) was passed through the fluidized 
bed reactor at 580 °C to give 22. 5 grams of phthalic anhydride 
per hour, the yield per cent obtained was 68. 
In Rumania {24), yields of phthalic anhydride from o-xylene 
in the fluidized bed reactor increased from SO to 70 per cent at 
400 °C when 0. 3 per cent of tri-butyl or tri-ethyl borate was 
added to a V 20 5 catalyst. 
In Germany (39), however, maximum yield in the fluidized 
bed reactor was reported to decrease from 61. 5 per cent on V 20 5 
to 48. 1 per cent on a V 20s · Mo03 catalyst. 
In Japan, Kakinoki and his co-workers {14) noted that the 
activity of catalyst was lowered when the so3 content in the 
catalyst decreased, but an addition of S02 or cs2 restored the 
activity. The best composition of the catalyst was 
v 2o 5 : K z504 : so3 :: 2 : 1 : 1. 75 to 2. 75. 
In Germany (26 ), phthalic anhydride was prepared by air 
oxidation of o-xylene at 250 to 420 °C in the presence of a 
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V205 - alkali pyrosulfate - carrier fluid bed catalyst. At least 
two different alkali metal pyrosulfates, having a melting point 
lower than that of potassium pyrosulfate were used. Materials 
suitable as catalyst carriers include aluminum phosphate and 
synthetic or natural silicates. For the oxidation, 98 to 100 per 
cent o-xylene or a xylene mixture containing up to 10 per cent m-
and p-xylene and/ or ethylbenzene can be used. Eighty- seven and 
one half grams of o-xylene were passed through the reactor and 
hourly yields were 3 0. 5 grams phthalic anhydride (41. 5 mole 
percent), 0. 97 gram maleic anhydride (1. 0 mole per cent), 55.4 
mole per cent carbon dioxide and carbon monoxide. One and one 
tenth grams of o-xylene (2. 1 mole per cent) remained unreacted. 
Golovanenko and his co-workers ( 13) found that the oxidation 
of o-xylene in the fluidized bed reactor with addition of other 
hydrocarbons, such as Decalin, pseudocumene, and methyl-
naphthalene, gave better yield of phthalic anhydride than did the 
oxidation of o-xylene alone. 
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Commercial Production of Phthalic Anhydride. 
Today phthalic anhydride is being produced on an industrial 
scale from naphthalene in both fixed and fluidized bed reactors 
and from o-xylene in a fixed bed reactor. As yet fluidized bed 
reactors have not been used industrially to make phthalic anhydride. 
The commercial production of phthalic anhydride was begun 
in 1917, using naphthalene as the raw material. Phthalic anhydride 
is now produced, on a large commercial scale, from naphthalene 
by the following processes : Scientific Design fixed bed process 
(3 ); Cyanamid fluid bed process (33 }; Sherwin-Williams fluid-bed 
process (32); Badger fluid-bed process (6}; and United Coke and 
Chemicals Foster Wheeler process (31 }. 
The commercial production of phthalic anhydride from o-xylene 
in a fixed bed catalyst was begun in 1945 (42). Research and 
development work on the o-xylene process was done at the Richmond 
Laboratories of California Research Corp. , research subsidiary 
of Standard Oil Co. , of California. Construction and operation of 
the phthalic anhydride plant was done by Standard of California 
for Oronite Chemical Co., its chemical subsidiary. The plant (4) 
was the first commercial producer of phthalic anhydride in the 
world to break away from the 29 year tradition of using naphthalene 
derived from coal coking operations as the basic raw material. 
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Briefly, the Standard of California process (4) consists of: 
1. Feeding preheated air and vaporized o-xy1ene into 
catalyst-filled tubes where conversion to phthalic anhydride takes 
place. 
2. Cooling the resulting vapors in heat exchangers. 
3. Condensing and removing the crystals of phthalic 
anhydride. 
4. Melting the crystals and distilling for purification. 
5. Solidifying the phthalic anhydride into the proper 
physical form for the market. 
The Oronite product analyzed 99. 7 per cent phthalic anhydride 
(minimum). 
In 1963, the total fixed bed operating capacity for the com-
mercial production of phthalic anhydride from o-xylene was 17 
per cent of the total production available in the United States (29 ). 
Approximate operating conditions in the commercial production 
of phthalic anhydride from both o-xylene and naphthalene are shown 
in Table III (4 ). 
As shown in Table III, the oxidation of hydrocarbons is highly 
exothermic and must be closely controlled. This can be accom-
plished by circulating a salt around the reactor at a high rate. The 
salt used by Kirst and his co-workers (16) was a mixture of 4 0 
per cent sodium nitrite, 7 per cent sodium nitrate, and 53 per 
cent potassium nitrate. Shreve and Welborn (34) removed the 
reaction heat given off from the oxidation of naphthalene in the 
Downs-type reactor by boiling mercury. Molten lead was 
20 
employed by Parks and Allard {27) to dissipate the heat in oxidizing 
o-xylene in a fixed bed reactor. 
TABLE III 
Approximate Operating Conditions in the Production of 
Phthalic Anhydride from Ortho-xylene and Naphthalene 
From From 
o-xylene Naphthalene 
Type of catalyst 
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Type of catalyst bed 
Temp. of conversion, °C 
Theoretical heat, cal/ gm 1 
Fixed Fixed Fluidized 
2 Actual heat, cal/ gm 
Theoretical yield, wt %3 
Actual yield, wt % 

















1. Heat liberated per gram of raw material oxidized to phthalic 
anhydride. 
2. Includes heat released by side reactions. 
3. Commercially, yield per cent is expressed as pounds product 
obtained per 100 pounds of raw material charged. 
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III. EXPERIMENTAL 
This section consists of the following information.: purpose 
of investigation, plan of experimentation, materials used, con-
struction of the equipment, experimental procedure, d<:~-ta obtained 
and the calculated results. 
Purpose of Investigation 
The purpose of this investigation was to study the vapor 
phase air oxidation of a-xylene to phthalic anhydride in a fluidized 
bed catalyst. The effects of such variables as temperature, 
catalyst volume, space velocity, and molar ratio of air to o-,cyle:n.e 
vapor on this process were studied. The nature of the catalyst 
is an important variable, however only one catalyst was used i:n. 
this investigation. 
Plan of Experimentation 
The investigation was initiated by a review of the literature, 
including the catalytic oxidation of hydrocarbons in general aod 
of a-xylene in particular. The characteristics of oxidation cata .. 
lysts and fluidized beds were studied to find practical aPproaches 
to this topic. The equipment was then constructed and assembled 
and the materials to be used in the experiments were obtained. 
Air was passed through the whole assembly of the apparatus to 
locate any possible leakage. Actual experimentation was started 
23 
after the experimental setup had been found to operate satisfactorily. 
Finally, the correlation of the data and the calculation of the results 
were made. 
Materials 
The materials used during the investigation are given in 
the following paragraphs. 
Catalyst. Davison Grade 906. Manufactured and distributed 
by Grace Davison Chemical Company, Baltimore 3, Maryland. 
The catalyst has the following properties as reported by the 
supplier (40 ): 






Pore diameter ________ _ 
39 lb/ cu ft 
200 sq m/gm 
95 angstroms 
Typical chemical analysis. 
Volatile at 750 °F, wt o/o 
V205, wt o/o (dry basis at 750 °F) 
so3 , wt o/o (dry basis at 750 °F) __ _ 
K 2so4 , wt o/o (dry basis at 750 °F) __ 
Si02 , wt o/o (dry basis at 750 °F) __ _ 
Typical particle size analysis. 









On 200 mesh, wt % _________ _ 93. 0 
0 to 20 micron, wt % o. 5 
Air. Compressed. Supplied by the University. Used as 
the source of oxygen needed for oxidizing o-xylene. 
o-Xylene. Obtained from the Monsanto Company, St. Louis, 
Missouri. Used as raw material for producing phthalic anhydride. 
and as the air flow manometer liquid. The following typical 
analysis was reported by the supplier. 
Specific gravity - - - - - - - - - - - - - - - 0.883 
Initial boiling point _____________ 144. 0 °C 
Dry point ____ - - - - _ - - - - - _____ 145. 5 °C 
Acidity (No free acid) ___ - - - _____ Pass 
Isomer compounds 
Volume per cent of o-xylene 96.4 (95. Oo/o 
minimum) 
Olefins and saturates _ _ _ _ _ _ _ 0. 3 
Sulfur compounds (Free H 2S & S02 ) _ Pass 
Mercury~ _ Supplied by E. H. Sargent Co. , Chicago, Illinois. 
Used as the mixed gas manometer liquid. 
Filter Paper. White Label, No. 589. Manufactured and 
distributed by Carl Schleicher & Schuell Co. Eleven em in diameter. 
Used to filter the insoluble reaction product. 
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Sodium Bisulfite. Lot No. 763359. Obtained from Fisher 
Scientific Co., Fair Lawn, N. J. Used to determine o-toluic 
aldehyde. 
Calcium Hydroxide. Lot No. 23436. Manufactured and 
distributed by J. T. Baker Chemical Co., Phillipsburg, N. J. 
A saturated solution was prepared to precipitate carbon dioxide 
as calcium carbonate. 
Sodium Hydroxide. Manufactured and distributed by the 
Matheson Coleman Company. Ten normal solution was used to 
purify the compressed air by removing carbon monoxide and 
carbon dioxide; 0. 1 N solution was prepared as the reagent for 
determining the:total·acitity cif"itk~ oxidation product. 
Sulfuric Acid. Manufactured and distributed by the E. I. 
DuPont de !'femours Co. A 50 per cent solution was used in 
drying air and as the heating medium in Thiele tube for determin-
ing melting po~nt of the reaction products. A 1 : 8 solution was 
· employed to acidify the filtrate from the total acidity determination 
for the titration of maleic anhydride. 
Calcium Chloride. Purified, anhydrous, granulated. Manu-
factured and distributed by J. T. Baker Chemical Co., Phillipsburg, 
New Jersey. U~ in drying air. 
Distilled Water. Conventional for ordinary laboratory 
purposes. Supplied by this University. Used for dissolving 
oxidation product. 
Phenolphthalein. Manufactured and distributed by Fisher 
Scientific Company, Fair Lawn, New Jersey. Served as the 
indicator in the acidimetric titration for determining the total 
acidity of the oxidation product. 
Potassium Permanganate. Pure grade, lot No. 90389. 
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Obtained from J. T. Baker Chemical Coo, Phillipsburg, New 
Jersey. A 0. 1527 N solution was prepared for quantitative analysis 
of maleic anhydride. 
Equipment Description and Operation 
The complete assembly of the equipment consisted of five 
major units: The air feed unit, the xylene vaporization unit, the 
gas mixer, the fluidized oxidation unit and the condensation unit. 
These five units are shown schematically in Figure 1. 
Air Feed Unit. Compressed air was first passed through 
sodium hydroxide, sulfuric acid and. anhydrous calcium chloride 
in series to remove dust, carbon dioxide, carbon monoxide and 
moisture. A 3/32 inch-diameter square edged orifice was used 
to determine the total air flow rate. The calibration curve of 
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this orifice is shown in Figure B..:. 1, Appendix B. The purified 
dry air was then divided into two streams: primary and secondary 
air. A plug cock (VI) ~nd a gate valve (V2) were employed to 
regulate the flow rates of these two streams, respectively. The 
primary air passed through a copper coil wound around the vaporizer 
which was covered by a heating mantel (HMI ). It then entered the 
xylene vaporizer (XV). The rate of air flow and the heat applied 
to the vaporizer control.the rate of xylene vaporization. The air 
xylene mixture left the vaporizer at the boiling point of o-xylene, 
0 
144 C. Before entering the gas mixer, the secondary air had 
been preheated in PRl which was made of 1 I 6 inch copper tubing, 
two feet long, formed in a spiral shape, and heated by a heating 
mantle (HM2). The temperature of the heating mantle (HMI) and 
for preheater (PRI) was controlled by the same variac. An open 
end mercury manometer (MI) was used to measure the pressure 
of the gas stream. 
Xylene Vaporization Unit. The vaporizer was a 500 ml three 
neck pyrex glass flask. A piece of copper tubing, 1 I 6 inch diameter 
and six feet long, was wrapped around the vaporizer to preheat 
the primary air. The mixture of xylene vapor and primary air 
came out of the vaporizer through the central neck. One neck was 
the inlet for the preheated air and the other was fitted with a 
thermometer. Rubber stoppers were used at all three necks. 
Air 
A B c 
A Sodium Hydroxide 
B Sulfuric Acid 
C ·Anhydrous CaC12 
AC Air Condenser 
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FIGURE 1. APPARATUS FOR VAPOR-PHASE OXIDATION OF a-XYLENE IN A FLUIDIZED 
BED REACTOR 
·-·--· 
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FIGURE 2. PHOTOGRAPH OF TH~ EXPERIMENTAL APPARATUS 
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Gas Mixer. The gas mixer was also a 500 ml three neck 
pyrex glass flask. The central neck was the inlet for the gas stream 
coming from the vaporizer. One of the remaining necks was fitted 
with a piece of 1 I 6 inch copper tubing closed at the bottom end. 
Four equally spaced 1 mm holes were drilled in the circumference 
of the tube (15). These holes permitted efficient mixing of the 
secondary air with the xylene-air mixture coming from the vaporizer 
before it passed into the catalyst bed. The third neck of the flask 
was the outlet for the air xylene mixture going to the fluidized bed 
reactor. A piece of copper tube, 1 I 6 inch diameter and nine feet 
long, was wound around the gas mixer to preheat the air xylene 
0 
mixture coming from the gas mixer to 250 C. This piece of copper 
tube was heated, together with the gas mixer, by a heating mantle 
(HM2 ), the temperature of which was adjusted by another variac. 
Fluidized Oxidation Unit. The oxidation unit reactor (R), 
was a 3 foot length of one inch, Schedule 40 steel pipe mounted 
vertically. A 250 mesh screen (SC ), used to support the catalyst, 
was placed five inches above the bottom end of the reactor. The 
space between the screen and the bottom end of the reactor, called 
the calming section, was expected to smooth out the irregularities 
of the entering gas stream before coming into contact with the 
catalyst. The reactor was heated externally by two heating elements 
(HE), which were controlled by a variac. The heating elements, 
manufactured and distributed by Scientific Glass Apparatus Co. , 
Inc., Bloomfield, New Jersey, have the following specification: 
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Catalogue number, SC-C 4; U.S. Patent, 2,989,613; maximum tem-
perature, 600 °C; diameter, 3/16 inch; length, 4 feet each; watts, 
400; volts, 115 ac; covering material, quartz fabric. The bottom 
fifteen inch section of the reactor was insulated with 3 I 4 inch 85 
per cent magnesia and wrapped with four layers of asbestos paper. 
The top half of the reactor was insulated with only four layers of 
asbestos paper as it was desired to allow some of the reaction heat 
to dissipate in this section of the reactor. Manometer (M2), was 
used to measure the pressure gradient across the fluidized bed. 
Pressure drop vs. flow rate, for various catalyst volumes is pre-
sented in Appendix C, Figure C-1. As one cannot look into the 
reactor to see if fluidization is actually taking place, pressure drop 
vs. flow rate curves indicate the air flow rate required for fluidi-
zation. A constant pressure drop (the horizontal part of each curve) 
means that the catalyst bed is in the fluidized state, so a gas mixture 
flow rate corresponding to this constant pressure drop is needed for 
fluidization. The catalyst temperature was measured by an iron-
constantan thermocouple (TC2 ), buried in the catalyst bed. Another 
iron-constantan thermocouple (TCl ), was used to measure the 
apparent temperature of the preheated reactants. Still another iron-
constantan thermocouple (TC3 ), was located 14 inches above the 
bottom of the reactor to measure the apparent temperature of 
gaseous product inside the reactor. All the temperatures were 
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read directly from a Foxboro potentiometer, model number of 8105, 
and serial number of 47456. 
Condensation Unit. The condensation unit consisted of three 
condensers connected in series. The first condenser was a jacketed 
air condenser. This was followed by an unjaGketed, two foot length 
of one quarter inch pyrex glass tubing. The third condenser, nearest 
the gas outlet, was water cooled. The first and third condensers 
were 1/2 inch I. D. and were twenty three inches in length. Most 
of the phthalic anhydride formed in the reactor condensed on the 
surfaces of the air condensers. Five hundred ml side-neck 
Erlenmeyer flasks were attached to the lower end of each condenser 
as shown in Figure 1 to collect oxidation products that did not 
adhere to the walls of condensers. Two hundred ml of pure water 
was contained in the Erlenmeyer flask attached to the water con-
denser to absorb residual phthalic anhydride in the outlet gas stream. 
Calibration of Air Flow Meter, F. The total air flow rate 
was measured by a 3/32 inch diameter, square - edged orifice. The 
pressure difference caused by air flow through this orifice was 
read on manometer F, partially filled with o-xylene. The orifice 
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was calibrated against an air rotameter, manufactured by the 
Matheson Co., bearing a Tube number 2-65 B, which had a range of 
0 to 5 cubic feet per hour. The calibration was made at a room 
0 
temperature of 28 C. Pressure differences corresponding to a 
variety of known air flow rates were recorded. The results are 
tabulated in Appendix B and plotted in Figure B-1. The air flow 
rates used in all experiments exceeded one hundred liters per hour, 
so the fact that the three lower points on this calibration curve did 
not fall on a smooth curve through the origin does not affect the 
value of the results. 
Experimental Procedure 
ln this section the method of procedure for air oxidation of 
xylene is described. The analytical methods used to evaluate the 
products obtained are also included. 
Oxidation of o-Xylene. The experimental apparatus was closely 
checked to detect any possible leakage by passing compressed air 
through it. Next the catalyst measured by a 100 ml graduated cylinder 
and a triple-beam balance, was charged into the reactor from the top. 
(Most of the experimental tests were carried out with used catalyst). 
When charging fresh catalyst, a half inch glass tube was used to 
introduce the catalyst to the screen (SC ), to prevent the catalyst 
from adhering to the inside wall of the upper half of the reactor. 
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Xylene was measured from a burette and introduced into the vapor-
izer (XV), through the neck where the thermometer (T ), was fitted. 
The catalyst was then heated to a temperature 15 °C above the 
desired test temperature. Heating mantle {HM2) was also brought 
to the desired temperature. The xylene vaporizer (XV) was heated 
slowly such that it did not reach the boiling point of o-xylene until 
the desired catalyst temperature had been obtained. When all 
other selected temperatures had been reached the vaporizer was 
heated rapidly to 144 °C, the boiling temperature of o-xylene. 
A setting of 37 volts on the variac was used to keep the vaporizer a 
little above the boiling point of o-xylene {144 °C ). Air was then 
passed through the apparatus. The reaction temperature was followed 
by observing the catalyst thermocouple readings. Minor adjustments 
of the controls, both air flow rate and temperature, were made as 
necessary. It took one hour or more to complete a test, depending upon 
the amount of solid product obtained. At the end of each test, the 
weight of unvaporized xylene together with the empty vaporizer were 
weighed on an Ohaus triple beam scale. The difference between this 
weight and that of the empty vaporizer was recorded as the amount of un-
vaporized xylene. The time of test was also recorded. The needle 
crystals accumulating in the air condensers were scraped out. Boiling 
water was used to wash out all material adhering to the inside of the air 
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condensers and then combined with the scrubbing water. Needle 
crystal and aqueous liquors were analyzed for maleic anhydride, 
phthalic anhydride and o-toluic aldehyde, the procedures for which 
are described in the section on product analysis. At the completion 
of each test, the catalyst was also checked visually. The catalyst, 
after two to three hours operation, changed its color from normal 
orange to yellow, and then to blue-black or dark green at the end 
of seven hours service. Blue- black and dark green colors indicate 
the presence of V 20 4 and V 2o 3 , respectively. When a catalyst is 
in a reduced state of V 2o4 or V 2o 3 , it is not as active as V 2o 5 {38 ). 
The reduced catalyst was discharged and fresh catalyst was used. 
According to Shreve and Welborn (37), the catalyst could be returned 
readily to an active state by brief aeration at the reaction temperature. 
A sample data sheet showing the readings and data recorded 
in. each experimental test is included as part of Appendix D. 
Product Analysis. Analyses were made of the solid oxidation 
product as well as the aqueous wash liquors (together with scrubbing 
water). Both physical and chemical tests were made. 
1. Physical Analysis. A melting point determination of 
the solid product was made to determine the approximate purity. 
A small amount of solid product was placed in a capillary tube, the 
bottom end of which had been closed. The filled capillary tube was 
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attached to a thermometer at the level of the mercury bulb. Con-
centrated sulfuric acid contained in a Thiele tube was employed as 
the heating medium. The thermometer and capillary tube were 
immersed in the sulfuric acid. The Thiele tube was then warmed 
gently. The melting point is taken as the temperature at which the 
solid completely disappears in the melt. 
2. Chemical Analysis. Chemical analyses were made to 
determine phthalic anhydride, maleic anhydride and o-toluic aldehyde 
quantitatively. The procedure was to boil an accurately weighed 
sample of solid product in distilled water until solution occurred. 
The solution was cooled to room temperature and titrated for total 
acid content with standardized sodium hydroxide solution using 
phenolphthalein indicator. After this titration the solution was 
filtered, acidified with one milliliter of concentrated H2S04 and 
extracted with several 10 milliliter portions of CC14 until the extract 
was colorless. The CC14 extractions were performed to remove 
o-xylene, and resinous and tarry materials which would be oxidized 
with potassium permanganate. An additional 10 ml of concentrated 
sulfuric a~id was added to the aqueous solution, which was then 
heated to 75 °C and titrated with a standardized solution of potassium 
permanganate until a pink end-point lasted for fifteen seconds. The 
potassium permanganate titration gave the amount of maleic acid 
in the solution. The difference between the total acid and m'aleic 
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·acid was then taken as phthalic acid (22). The amounts of maleic 
anhydride and of phthalic anhydride present were calculated by the 
following equations: 
Weight of maleic anhydride =. 
(ml KMn04 x normality) x (98/2000) 
Weight of phthalic anhydride = 
{ml NaOH x normality - ml KMn04 x normality) x (148/2000) 
where, 
98 = molecular weight of maleic anhydride 
146 = molecular weight of phthalic anhydride 
The water used to scrub the exit gases was added to that used to 
wash out the material adhering to the walls of the condensers, and 
then was boiled to expel dissolved carbon dioxide. The solution 
was cooled and titrated in the same manner as above to determine 
maleic anhydride and phthalic anhydride. 
The titrations for phthalic anhydride and maleic anhydride 
were then followed by the quantitative analysis for o-toluic aldehyde. 
To the neutralized washes and scrubbing water an excess of standard-
ized solution of sodium bisulfite was added. After fifteen minutes 
or more, the excess of sodium bisulfite was back titrated with 
sodium hydroxide (17 ). The weight of o-toluic aldehyde present 
was calculated by the following formula: 
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Weight of o-toluic aldehyde = 
(ml NaHS03 x normality - ml NaOH x normality)x (120/1000) 
where, 
120 = molecular weight of o-toluic aldehyde. 
Several samples of the solid product from various tests 
were analyzed for o-toluic aldehyde. None was found to be present 
in the various samples of solid so it was concluded that the aldehyde 
always passed on through the solids condensers and was trapped in 
the scrubbing water. 
Data and Results 
The experimental data and the calculated results are presented 
in tabular form in Tables IV through IX and in graphical form in 
Figures 3 through 5. These data are grouped on the basis of the 
catalyst volume used. The data obtained from using the same volume 
catalyst are put together in the same table. Four different catalyst 
volumes (20, 30, 40, and 50 ml) were employed throughout the 
course of this investigation. The weights of three major oxidation 
products obtained (phthalic anhydride, maleic anhydride and o-toluic 
aldehyde) were calculated and are shown in these tables. Only the 
yield per cent of phthalic anhydride was calculated. This value is 
shown in the last column of each table. 
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The first seventeen tests were carried out using 20 ml of 
catalyst. Six different air flow rates were used, 111, 114, 123, 
127, 137, and 149 liters/hour. As the minimum air flow rate for 
fluidizing 20 ml of catalyst was found to be 19. 6 liters/hour, these 
six air flow rates were high enough to keep the catalyst in good 
circulation. Experiments were made at four catalyst temperatures, 
0 
470, 490, 520, and 535 C. The results are presented· in Table IV. 
This table shows that No. 209 gave the best result, its 
phthalic anhydride yield per cent being 6. 09 at 520 °C with an air I 
xylene ratio of 3 00. No. 211, on the contrary, produced only I. I 0 
per cent of the theoretical yield of phthalic anhydride at 4 70 °C with 
an air /xylene ratio of 9 I. Four times as much xylene was vaporized 
in No. 211 as in No. 209. These results are plotted in Figure 3 
with the yield per cent of phthalic anhydride as a function of the molar 
air/xylene ratio with catalyst temperature as a parameter. Figure 
3 shows that for each temperature, the phthalic anhydride yield per 
cent increased with an increase in air/xylene ratio. A maximum 
yield was obtained at an air /xylene ratio of about 280 for the ,three 
higher temperatures. This figure also reveals that the phthalic 
anhydride yield per cent increased with an increase in temperature, 
but at 535 °C, the yield per cent was lower than at 520 °C. The 
effect of increasing the air/xylene ratio at 470 °C was not pronounced. 
Another series of tests were performed using 30 ml of 
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TABLE IV 
Experimental Results Using 20 ml of Catalyst 
Time o-Xylene Apparent Air Flow Molar 
of Vaporized Catalyst Rate Air/ Space 
Test Test Per Hour Temp at sc Xylene Velocity 
No. hr gm oc 1/hr Ratio I/hr/1* 
201 I. 25 3. 11 470 123 187 6!60 
202 I. 25 3.60 490 123 162 6!60 
203 I. 25 4.44 520 123 130 6160 
204 I. 42 3.29 520 123 178 6160 
205 I. 25 4.72 490 137 138 6820 
206 I. 25 3. 10 535 137 2p8 6820 
207 I. 50 I. 67 490 114 324 5700 
208 I. 25 5.84 470 114 93 5700 
209 I. 00 1. 80 520 114 300 5700 
210 I. 25 4.24 490 137 !53 6820 
211 1. 25 7.20 470 137 91 6820 
212 I. 25 4.24 535 127 142 6350 
213 I. 25 5. 40 490 149 130 7440 
214 1. 25 3.20 470 149 223 7440 
215 I. 25 I. 75 535 127 343 6350 
2l6 I. 25 1. 90 490 Ill 277 5550 
217 I. 25 4.07 520 111 129 5550 





Yields Hours Phthalic 
Phthalic Maleic o-Toluic Catalyst Anhydride 
Test Anhydride Anhydride Aldehyde Previously Per cent of 
'No. gm gm gm Used Theoretical 
201 0.078S 0.0083 o. 00 1. 4S 
202 0. I 096 o. OIS 1 I. 2S 1. 7S 
203 0.2S68 o. 0367 2.SO 3.32 
204 0.37SO o. 0196 3.7S 4.92 
20S 0.1804 o. 0329 s. 17 2. 19 
206 0.2600 0.0713 o. 0164 6. 42 4.84 
207 o. 14S9 o. 0147 0. 01Sl 0. 00 4. 18 
208 0. 142S 0.01S2 o. 1330 I. so 1. 28 
209 o. 1480 o. 0248 o. 0146 2.7S 6. 09 
210 0.19S8 o. 0279 o. 0203 3.7S 2.64 
211 o. 1371 o. 0131 0.14SO s.oo 1. 10 
212 0.2060 o. 0336 0.0198 6.2S 2.79 
213 o. 1372 o. 0230 o. 0210 7.SO 1. 46 
214 o. 0770 0.0102 o. 0189 8.7S 1. 39 
21S o. 1286 o. 0479 o. 0132 0.00 4.22 
·216 o. 1130 o. 0182 0.0144 I. 2S 4.94 
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TEMPERATURE AND 20 ml OF CATALYST 
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TABLE V 
Experimental Results Using 30 ml of Catalyst 
Time o-Xylene Apparent Air Flow Molar 
of Vaporized Catalyst Rate Air/ Space 
Test Test Per Hour Temp at S c Xylene Velocity 
No hr gm oc 1/hr Ratio 1/hr/1 
301 1. 00 9.50 520 115 57 3830 
302 1. 00 4.10 47·0 150 173 5000 
303 1. 00 1. 79 490 154 408 5140 
304 1. 17 2. 06 520 135 313 4500 
305 1. 50 0.86 490 133 734 4440 
306 1. 50 .1. 74 490 115 314 3830 
307 1. 50 1. 33 520 115 409 3830 
308 1. 00 1. 29 490 135 497 4500 
309 1. 00 1. 29 520 135 497 4500 
310 1. 25 4.16 490 119 135 3960 
311 1. 25 2. 23 520 119 252 3960 
312 1. 25 2. 23 470 119 252 3960 
313 1. 25 3.21 470 127 190 4240 
314 1. 25 3. 50 470 115 158 3830 
315 1. 25 1. 12 470 135 573 3830 
316 1. 25 0.97 490 135 667 3830 





Yields Hours Phthalic 
Phthalic Maleic o-Toluic Catalyst Anhydride 
Test Anhydride Anhydride Aldehyde Previously Per cent of 
No gm gm gm Used Theoretical 
301 0.2020 o. 0468 0.2540 0. 00 1. 52 
302 0.0490 0.0252 0.0173 0.00 0.86 
303 0.3180 0.0062 0.0143 1. 00 12.80 
304 0.2613 o. 0201 0.0223 2.00 7.78 
305 0. 1581 0.0071 0.0104 3. 17 8.70 
306 0.5089 0.0221 0.0194 4.67 9.85 
307 o. 2464 0. 0523 0.0167 6. 17 8.45 
308 0.2380 0. 0170 0.0175 0.00 15.20 
309 0. 1713 0.0143 0.0106 I. 00 9.54 
310 0.6443 0.0435 0.0195 2.00 8.95 
311 0.2439 0. 0131 0.0512 3.25 5.29 
312 0.0960 o. 0194 0.0486 4. 5'0 2.46 
313 0. 0476 o. 0117 0.0456 5.75 0.92 
314 0.0746 0.0147 0.0923 7.00 0.62 
315 0.0566 0.0134 0.0145 0.00 2.90 
316 0.2030 o. 0513 o. 0137 1. 25 12.07 
317 0.1253 0.0245 0.0144 2.50 7. 12 
catalyst. The temperatures employed for this group of tests 
were 470, 490, and 520 °C. The range of a"ir flow rates for 
these tests was almost the same as that of previous series of 
tests. The increase in catalyst volume caused a decrease in 
space velocity of about 1 I 3 of that for 20 ml of catalyst. In the 
same manner, the results are tabulated in Table V and plotted 
in Figure 4. A maximum yield per cent of 15. 20 was obtained 
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in No. 308 at 490 °C with an air /xylene ratio of 497. Again, the 
lowest yield of 0. 86 per cent was obtained· at 470 °C. Figure 4 
shows almost the same thing as Figure 3, except that the maximum 
yields were obtained at an air /xylene ratio of about 500, a little 
more than twice the 280 shown in Figure 3. The yield per cent 
of phthalic anhydride increased with an increase in air/xylene 
ratio until a ratio of 497 was reached and with an increase in 
temperature up to'490 °C. Also, the yields at the same molar 
air/xylene ratios were approximately twice those obtained when 
20 ml of catalyst were used. 
Figures 3 and 4 both show that at a catalyst temperature 
of 4 7 0 ° C the effect of molar air I xylene ratio on yield per cent 
of phthalic anhydride was not as great as in the case of the 490 
0 
and 520 C tests. 
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FIGURE 4. CORRELATION OF PHTHALIC ANHYDRIDE 
YIELD PER CENT AND MOLAR AIR/XYLENE RATIO 
AT VARI0US TEMPERATURES & 30 ml ,QF CATALYST 
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40 and 50 ml of catalyst, respectively. The results are presented 
in Table VI and VII. Most of these tests were preformed at a 
constant air flow rate of 140 liters per hour. They were run 
mainly to study the effect of cata~yst volume and space velocity 
on phthalic anhydride yield per cent. 
No correlation between yield per cent and air /xylene ratio 
for these two groups of tests could be made as in Figures 3 and 4. 
When compared to Tables IY and V, Tables VI and VII show that 
phthalic anhydride yield per cents were less than those obtained 
with 30 ml of catalyst at the same temperature and air/xylene 
ratio. 
The melting points of the solid product obtained through-
out the course of this investigation were in the range of 120 to 
125 °C. The melting point of pure phthalic anhydride is 130. 8 °C. 
Since maleic anhydride has a melting point of 52. 8 °C and since 
the analyses of the solids showed the presence of this compound, 
low melting points were expected. 
Table VIII compares the effect of catalyst volume on 
phthalic anhydride yield per cent at a catalyst temperature of 
490 °C and air/xylene ratios of 101 and 332. No yield per cents 
at these air/xylene ratios for 20 and 30 ml of catalyst had been 
obtained in the previous series of experiments. They are 
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TABLE VI 






402 1. 00 
403 1. 00 
404 1. 00 
405 1. 25 






































































Per cent of 
Theoretical 
401 0.2569 0.0288 0.0247 0.00 4.75 
402 0.3194 0. 0303 0.0216 0.00 11.40 
403 0.4480 0.0268 0.0291 1. 00 5. 64 
404 0.5850 0. 0632 0.0685 2.00 0.57 
405 0. 1925 0. 0267 o. 0300 3.00 4.90 
406 0. 1516 0.0279 0.0168 0.00 2.78 
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TABLE VII 
Experimental Results Using 50 ml of Catalyst 
Time o-Xylene Apparent Air Flow Molar 
.of Vaporized Catalyst Rate Air/ Space 
Test Test Per Hour Temp at S C Xylene Velocity 
No hr gm oc 1/hr Ratio 1/hr/1 
501 0.83 6.60 490 140 101 2800 
502 1. 00 6.68 470 140 99 2800 
503 1. 00 2.00 520 140 332 2800 
504 1. 00 2. 40 530 140 276 2800 
Total Yield 
Yields Hours Phthalic 
Phthalic Maleic o-Toluic Catalyst Anhydride 
Test Anhydride Anhydride Aldehyde Previously Per cent of 
No gm gm gm Used Theoretical 
501 0.5880 o. 0681 0.0366 o. 00 7.67 
502 0.3346 o. 0360 0.0390 0. 83 3.58 
503 o. 1887 0.0223 0.0241 1. 83 6.76 
504 0.1200 o. 0186 0. 0202 2.83 3.59 
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available however by interpolation from Figures 3 and 4. All 
interpolated points are indicated in Tables VIII and IX respectively. 
It was necessary to use these interpolated points in order to obtain 
some idea of the effect of catalyst volume upon the yield of phthalic 
anhydride produced. 
Table IX was prepared in the same manner as Table VIII 
with the exception that the reactor temperature was 520 °C and the 
air /xylene ratios were 332 and 90. Again, four yield per cents of 
phthalic anhydride were obtained by interpolating Figures 3 and 4. 
Tables VIII and IX were plotted together in Figure 5, show-
ing the effect of catalyst volume on the yield per cent of phthalic 
anhydride at various temperatures and air/xylene ratios. Each 
curve represents one ratio and one temperature. All curves show 
that the highest yield per cent was obtained in tests using 3 0 ml of 
catalyst. Tests using 20 and 40 ml of catalyst both gave lower 
yields. 
It should be pointed out however, that when 20 ml of catalyst 
0 
was used the catalyst temperature of 520 C gave a higher yield 
than an experiment at 490 °C. When 30 ml of catalyst was used the 
opposite effect of temperature was observed. 
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of o-xylene to phthalic anhydride, was produced in larger quantity 
when a low air/xylene ratios were employed than when high ratios 
were used. 
Maleic anhydride was found to be produced in all experiments 
and it was found, generally, that the yield of maleic anhydride 
from o-xylene increased with an increase in yield of phthalic 
anhydride. 
In view of the low yield per cent of phthalic anhydride 
obtained throughout the course of this investigation, compared to 
the yields reported in fixed bed reactors a test was conducted to 
determine qualitatively the possible production of carbon dioxide. 
This was performed by passing the exit gas stream through a 
saturated calcium hydroxide solution. A large amount precipitation 
of calcium carbonate was obtained. This indicated that a consider-
able portion of the o-xylene was converted to carbon dioxide and 




A total of ninety four tests were performed during the 
course of this investigation. Of these test~. only those carried 
out using molar air /xylene ratios higher than 57 are tabulated in 
Tables IV and VII. It was found that when a test was performed 
at a ratio lower than 30 a two-layer liquid product was to be ob-
tained. The bottom layer was colorless and the upper layer was 
light yellow color. A low air/xylene ratio was caused by low air 
flow rate and/ or a fast vaporization rate of o-xylene. It was to 
be expected that low air I xylene ratios might produce liquid pro-
ducts, rather than solid phthalic or maleic anhydrides, since only 
one mole of oxygen is theoretically required to produce o-toluic 
aldehyde compared with the three moles of oxygen required to 
give phthalic anhydride. The chemical equations for the production 
of o-toluic aldehyde and phthalid anhydride have already been shown 
in the Introduction. A low air flow rate also failed to dilute the 
heat effect of oxidation sufficiently as stated by Shreve and Welborn 
(3 5 ). 
In the experiments in which a solid product was obtained, 
it first appeared on the inside wall of the air condenser as white 
needle like crystals. After a period of time the crystals took on 
an amber color, probably due to tarry degradation products formed 
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by thermal decomposition of the o-xylene or its reaction products 
in the reactor. 
Figures 3 and 4 indicate that there is an optimum molar 
air /xylene ratio at which a maximum yield per cent of phthalic 
anhydride is obtained and for the temperatures and catalyst 
volumes used. Failure of the points to fall exactly on a smooth 
curve may be explained partially by the fact that there were fluc-
tuations of air flow rate and consequent molar air /xylene ratios. 
It was not possible to always control the air/xylene ratio as closely 
as was desired. 
Throughout the course of this investigation, all tests were 
carried out at almost the same air flow rates. Change in air flow 
rate, therefore, did not change space velocity appreciably as did 
catalyst volume. Thus the effect of space velocity on yield of 
phthalic anhydride was studied by varying catalyst volume. The 
results are tabulated in Tables VIII and IX and plotted in Figure 5. 
The four different catalyst volumes resulted in four distinct average 
space velocities: 6400, 4000, 35 00 and 2800 liters /hr /liter, cor-
responding to 20, 30, 40 and 50 ml of catalyst, respectively. It·may 
be seen from Figure 5 that yield per cent of phthalic anhydride 
increased with increasing catalyst volume (and therefore decreasing 
space velocity), and then decreased after a maximum had been 
reached. The optimum catalyst volume among these four tested 
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was found to be 30 ml for any temperature and air/xylene ratio. 
At low space velocities the low yields of phthalic anhydride are 
caused by complete combustion of the a-xylene; at higher space 
velocities a-xylene may have passed th~ough without reacting with 
the air. A maximum yield was found between these space velocity 
extremes. This is a general characteristic of catalytic vapor-
phase oxidations of hydrocarbon as stated by Shreve and Welborn 
(;36). They (36) also observed that at space. velocities above 6000 
the catalyst was in a state which was undesirable :catalytically and 
led to poor control of the reaction a'nd incomplete reaction of the 
hydrocarbons. 
The effect of te:rnp erature on yields of phthalic anhydride 
for any set of operating condition is readily seen from Figures 3 
and 4. Yield per cent of phthalic anhydride increased with increas-
ing temperature until the optimum had been reached. Shreve and 
Welborn (36) explained that at the lower temperature, .conversion 
of hydrocarbon is incomplete and the effluent stream will contain 
an increased amount of unconverted hydrocarbon as well as inter-
mediate oxidation products, such as tolualdehyde. As temperature 
rises the reaction velocity also. increases, because the effect of 
increased t·emperature is· the activation of a greater portion o£ the 
participating molecules per unit time to.an adequate energ.y level 
for ·reaction. Sherwood (33), in a general review on the production 
of phthalic anhydride from hydrocarbons, stated that at higher-
than-optimum temperatures, there will be excessive formation 
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of higher oxidation products, notably carbon dioxide and water. 
This explains the lower yield of phthalic anhydride obtained at , 
520 °C than at 490 °C as sh~wn in Figures 4 and 5 but does not 
explain the opposite effect of temperature on yield shown in Figure 
3. Sherwood (33) stated that for the catalytic oxidation of hydro-
carbons the optimum operating temperature is related to other 
variables. This was found to be true in this investigation in that 
the various catalyst volumes used gave different optimum tempera-
tures. The optimum temperatures were 520 and 490 °C correspond-
ing to 20 and 30 ml of catalyst, respectively. Generally, at the 
same air flow rate, a small catalyst volume has a shorter contact 
time than that of a large volume. With rising temperature, the 
activity of the catalyst and the reaction rate are increased and 
maximum raw materials utilization can be achieved at shorter 
contact time (33 ). This may be employed to explain that the ex-
periment using 20 ml of catalyst had a higher optimum temperature 
than that for the one with 3 0 ml of catalyst. 
In Figures 3 and 4 the effect of molar air I xylene ratio on 
yields of phthalic anhydride is presented. At each of the tempera-
tures tested, yields of phthalic anhydride increased with increasing 
1air /xylene ratio and fell of£ after the optimum ratio had been 
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obtained. This may be explained by the same reasons as was 
given for the temperature effect. At low air /xylene ratios, the 
formation of intermediate oxidation products was appreciable. 
This confirms the idea stated by Sherwood {33) that if the amount 
of oxygen in the system exceeds the "best" value, complete com-
bustion becomes too great. 
The optimum air /xylene ratios obtained were in the neigh-
borhood of 300 and 500, corresponding to 20 and 30 ml of catalyst, 
respectively. That the maxima exhibited in the yield-molar air/ 
sylene curves should shift along the air/xylene ratio axis with 
changes in catalyst volume was to be expected. A high ratio of air 
to xylene (shorter contact time) should be necessary to produce 
the same degree of reaction as a low air /xylene ratio when using 
a larger catalyst volume, where a greater amount of contact 
would occur. 
One of the five fluidized bed catalysts used by Bhattacharyya 
and Krishnamurthy ( 1) in the oxidation of o-xylene has the following 
composition, V 20 5 : K 2SO 4 : SiOi:: 10. 0 : 51. 6 : 3 7. 5. This 
catalyst is of the unfused type and is similar to the one employed 
in this investigation, except that it is different only in composition. 
The yield per cent of phthalic anhydride with 160 ml of this catalyst, 
as reported by Bhat~acharyya and Krishnamurthy .(1 ), was 18. 4, at 
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a catalyst temperature of 490 °C, a space velocity of 570 1/hr/ 1 
and a molar air I xylene ratio of 260. 
Test No. 216 of this investigation, operated at the same 
temperature, an air /xylene ratio of 277 and a space velocity of 
5550 1/hr/1, yielded 4. 94 per cent. These diff~rent yield per 
cents of phthalic anhydride must have been caused largely by 
differences in the catalyst itself such as composition, method of 
preparation, pore size and surface area. The activity of a catalyst 
is governed not only by its chemical composition and physical shape 
but also by the procedure adopted for preparing it, as stated by 
Parks and Allard (27). 
Furthermore, Bhattacharyya and Krishnamurthy (1) reported 
that the unfused vanadium pentoxide catalyst supported on silica gel 
and promoted with potassium sulfate showed poor activity for the 
oxidation of o-xylene although it is in a wide use for the oxidation 
of naphthalene (33, 40). 
In the catalytic vapor-phase oxidation of xylenes, 
Bhattacharyya and Gulati (2) concluded that conversion of o-xylene 
to carbon dioxide was 8 per cent higher in the case of the unfused 
catalyst than that of the fused catalyst. 
The catalyst used in this investigation was reported by 
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the supplier to be the catalyst used commercially in the fluidized 
bed process for oxidation of naphthalene to phthalic anhydride. In 
view of the above conclusion of Bhattacharyya and Gulati (I) it 
should have been expected that considerable carbon dioxide would 
be produced, since the catalyst was unfused. A qualitative test 
confirmed the production of carbon dioxide. 
Recommendations 
1. Since the yields of phthalic anhydride in this investigation 
were all below the range of commercial interest it is suggested 
that in future work other types of catalysts be tried. Fused 
vanadium pentoxide catalysts should be investigated since 
Bhattacharyya and Krishnamurthy (I) reported much higher 
yields of phthalic anhydride using this type of catalyst. 
2. The equipment should be modified to permit a greater flow 
of primary air which was used to help vaporize the o-xylene. 
This would facilitate better control of the air I xylene ratio. 
3. The range of air flow should be increased above 5 cu ft/hr 
( 141. 58 1/hr) for this equipment. This would permit the 
experimenter to take full advantage of the characteristics of 
the fluidized bed. 
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V. CONCLUSIONS 
On the basis of the findings in this study of the oxidation of 
a-xylene by air in the fluidized bed of vanadium pentoxide, the 
following conclusions have been drawn. 
1. Oxidation of a-xylene to produce phthalic anhydride in 
a fluidized bed is possible. 
2. Variables, such as reaction temperature, molar air to 
a-xylene ratio and catalyst volume (and therefore space velocity), 
were also found to have pronounced effect on this oxidation process. 
3. The optimum reaction temperature and molar air /xylene 
ratio were dependent on the catalyst volume used. The optimum 
temperatures were 490 and 520 °C corresponding to 3 0 and 20 ml 
of catalyst, respectively. The approximate optimum air/xylene 
ratios were 300 and 500, corresponding to these two catalyst 
volumes, respectively. 
4. Additional experimentation, possibly with other catalysts, 
needs to be done to increase the yield of phthalic anhydride above 
the maximum of 15. 2 per cent obtained in this study. to a commer-






1. S. C. : S. C. is the abbreviation for standard condition 
(0 °C and 760 mm or 29.92 inch Hg). 
2. Space Velocity: Space velocity is defined as liters of air 
at standard conditions passed per hour per liter of catalyst. 
3. Molar Air /xylene Ratio: This ratio is calculated as 
liters of air per liter of xylene vapor, both measured at standard 
conditions. 
4. Air Flow Rate: Air flow rate is expressed in liters per 
hour at standard condition. 
5. Yield Per cent of Phthalic Anhydride: This is the per 




Calibration Data for the Air Flow Meter 
AIR FLOW RATE 
(Rotameter) 
FLOW METER READING 
inch o -xylene DIFFERENCE 
cu ft/hr liter /hr Observed Calculated 
o. 0 0.000 0.00 0.00158771 0.00158771 
0. 5 14. 158 0.20 0.19508023 -.00491977 
1.0 28.316 o. 30 o. 30440937 . 0044093 7 
1.5 42.474 0.39 0.38854000 -. 00146000 
2. 0 56.632 0.48 0.48485133 . 00485133 
2.5 70.790 0.62 0.61277703 -.00722297 
3.0 84.948 o. 78 0.77744400 -.00255600 
3.5 99.106 0.96 0.97331313 . 01331313 
4.0 113.264 1. 20 1.18781830 -.01218170 
4.5 127.422 1. 40 1. 40500610 . 00500610 
5.0 141.580 1. 60 1.60917670 -.00082330 
The standard deviation is o. 00661891 
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FIGURE B-1. AIR FLOW METER CALIBRATION CURVE 
APPENDIX C 
Data for Fluidization of Catalyst 
ZO ml CATALYST 30 ml CATALYST 40 ml CATALYST 50 ml CATALYST 
Air Flow Pressure* Air Flow Pressure* Air Flow Pressure * Air Flow Pressure* 
Rate, Gradient, Rate, Gradient, Rate, Gradient, Rate, Gradient, 
1/hr inch Hg 1/hr inch Hg 1/hr inch Hg 1/hr inch Hg 
3.18 0.02 4. 04 0.02 2.52 o. 01 6.56 0.01 
5. 05 o. 03 6. 06 o. 03 5.06 0.02 9. 10 0.02 
19.60 0.04 8.08 o. 04 8.07 0.03 10.60 0.03 
28.32 o. 04 8. 57 o. 05 9.09 0.04 24.80 0.05 
42.47 o. 04 24.78 o. 06 22.78 o. 07 36.80 0.08 
56.63 o. 04 29.70 o. 07 3_8. 19 0.09 66.50 o. 11 
45.70 0.08 56.60 0.11 73.30 o. 14 
58.50 0.08 63.20 0.12 110.50 0. 15 
66.60 0.08 92.00 0.13 116.00 o. 17 
76.60 0.08 106.80 o. 13 129.90 o. 17 
91.90 o. 08 140.00 o. 13 ~ 7":l 
116.00 0.08 







• 50 ml catalyst 
A· 40 ml catalyst 
0. 30 ml catalyst 
8 20 ml catalyst 
10 100 
AIR FLOW RATE, LITER/HOUR 
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In this section. Test No. 309 was taken as the example 
to illustrate how the air flow rate in liters per hour at standard 
condition, molar air /xylene ratio, space velocity in liters of air I 
hour /liter of catalyst at standard condition, weight of products 
and yield phthalic anhydride per cent of theoretical had been 
calculated. 
Data Sheet 
Volume of Catalyst 
Apparent Catalyst Temperature 
Air Flow Meter Reading 
Air Flow Rate at Room Condition 
(From Appendix B) 
Atmospheric Pres sure 
Room Temperature 
Xylene Charged 
Xylene Remained Unvaporized 
Time of Test 
Xylene Vaporized Per Hour 
Specific Gravity of Xylene 
Air Pressure 
Weight of Solid Product 
30 ml 
1. 38 inch 
127 1/hr 





1. 29 gm 
0.88 
35. 13 in Hg 
0. 0638 gm 
NaOH Consumed for Solid 7. 0 ml 
KMn04 Consumed for Solid o. 5 ml 
NaOH Consumed for Washes 19. 1 ml 
KMn04 Consumed for Washes 1.4 ml 
NaHS03 Added 20. 2 ml 
NaOH Consumed for Back Titration 17.9 ml 
Normality of NaOH o. 1 N 
Normality of KMnO 4 0. 1527N 
Normality of NaHS03 0. 093 N 
Calculation 
Xylene Vaporized per Hour 1. 29 I 0. 88 = 1. 464 ml 
Air Flow Rate, calculated at standard condition 
{127) X {273/301) X {35. 13/29. 92) : 135 1/hr 
Molar Air/Xylene Ratio 
Assume xylene vapor as an ideal gas, 
Volume of xylene vapor coming out of the vaporizer, 
calculated at standard conditions 
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V = nRT/P = {1. 29/106) x ( 82.06) x (273)/1. 272ml/hr 
where, 
n = gram mole of xylene vapor 
R = 82. 06 atm cu em I gm mole °K 
T = 273 °K 
P= 1 atm 
Molar air/xylene ratio= 135/0.272 = 497 
Space Velocity 
Space velocity= 135 x (1000/30} = 4500 1/hr/1 
Weight of Products 
Phthalic anhydride 
weight of phthalic anhydride in solid product 
[ (7) X {0. 1)-(0. 5) X (0. 1527)] X (148/2000) 
= 0. 0461 gm . 
weight of phthalic anhydride in washes 
[ (19.l)X (0.1)-{1.4) X (0.1527)] X (148/2000) 
= 0. 1252 gm 
where, 
148 is the molecular weight of phthalic anhydride 
total weight of phthalic anhydride 
0. 0461 + 0. 1252 = 0. 1713 gm 
Maleic anhydride 
weight of maleic anhydride in solid product 
{0. 5) X (0. 1527} X (98/2000}: 0. 00375 gm 
weight of maleic anhydride in washes 
(1. 4) X (0. 1527) X (98/2000): 0. 0105 gm 
total weight of maleic anhydride 
0. 00375 + 0. 0105 = 0. 01425 gm 
where, 
71 
98 is the molecular weight of maleic anhydride 
o- Toluic aldehyde 
total weight of o-toluic aldehyde obtained 
[ {20. 2) X (0. 093)-(17. 9) X (0. 1)] : (120/1000) 
= 0. 0106 gm 
where, 
120 is the molecular weight of o- toluic aldehyde 
Yield Phthalic Anhydride Per cent of Theoretical 
Ideally, 1. 29 grams of o-xylene can produce 
(1. 29/106) x (148) = 1. 795 grams of phthalic anhydride 
Actual weight of phthalic anhydride obtained was 
0. 1715 grams, therefore, 
Yield per cent of phthalic anhydride 
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